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ZLWK DQ DGGLWLRQDOKDUGHQLQJZKLFKGHSHQGVRQERWK VWUDLQSDWKDQGPDWHULDO >@0XOWLD[LDO/&)XVXDOO\KDV
EHHQVWXGLHGXVLQJDKROORZF\OLQGHUVSHFLPHQVE\DSSO\LQJDWHQVLRQWRUVLRQORDGDQGDQDSSOLFDELOLW\RIPXOWLD[LDO
VWUHVVDQGVWUDLQSDUDPHWHUVKDVEHHQGLVFXVVHG+RZHYHUWKHSULQFLSDOVWUDLQUDWLRUDQJHSHUIRUPDEOHE\WKHWHVWLQJ
PHWKRGLVdIdȞZKHUHȞLVWKH3RLVVRQ¶VUDWLR6WUXFWXUDOFRPSRQHQWVLQKLJKWHPSHUDWXUHVRPHWLPHVXQGHUJR
/&)GDPDJHDWSULQFLSDOVWUDLQUDWLRVLQH[FHVVRIWKHDERYHUDQJHXQGHUVHUYLFHORDGLQJ7KHUHIRUHIDWLJXHGDPDJH
HYDOXDWLRQ LQ PXFK ZLGHU SULQFLSDO VWUDLQ UDWLR UDQJH LV QHFHVVDU\ IRU D VDIH GHVLJQ RI DFWXDO KLJK WHPSHUDWXUH
FRPSRQHQWV6HYHUDOVWXGLHVKDYHWULHGWRGHYHORSWKHWHVWLQJPDFKLQHWKDWFDQSHUIRUPWKHWHVWLQWKHZLGHO\UDQJHG
PXOWLD[LDOVWDWHVXQGHUQRQSURSRUWLRQDOORDGLQJ>@+RZHYHUQRIUXLWIXOWHVWUHVXOWKDVEHHQREWDLQHGEHFDXVHWKHUH
VWLOOH[LVWVYHU\KLJKWHFKQLFDOKXUGOHVIRUFDUU\LQJWKHWHVWDQGGHYHORSLQJSHUIRUPDEOHWHVWLQJPDFKLQHV
,QWKLVVWXG\DPXOWLD[LDOIDWLJXHWHVWLQJPDFKLQHRIFRPELQLQJDSXVKSXOODQGDUHYHUVHGWRUVLRQORDGLQJVDQG
F\FOLFLQQHUDQGRXWHUSUHVVXUHVZDVGHYHORSHGLQRUGHUWRSHUIRUPIDWLJXHWHVWZLWKZLGHO\UDQJHGPXOWLD[LDOVWDWHV
XQGHU QRQSURSRUWLRQDO ORDGLQJE\ DSSO\LQJQHZ LGHDV DQG WHFKQLTXHV ,Q DGGLWLRQPXOWLD[LDO IDWLJXH WHVWV XQGHU
LQQHUDQGRXWHUSUHVVXUHORDGLQJVZHUHFDUULHGRXWXVLQJDKROORZF\OLQGHUVSHFLPHQRI W\SHVWDLQOHVVVWHHOWR
GLVFXVVIDLOXUHOLIHRIZLGHUDQJHGPXOWLD[LDOORDGLQJ
7\SHVRIPXOWLD[LDOVWUHVVDQGVWUDLQVWDWHVDQGPXOWLD[LDOIDWLJXHWHVWLQJPHWKRG
7KLV VHFWLRQ GLVFXVVHV WKH GHILQLWLRQ RI XQLD[LDO DQG PXOWLD[LDO VWUHVV VWDWHV DV ZHOO DV WKH GHILQLWLRQ RI
SURSRUWLRQDODQGQRQSURSRUWLRQDOORDGLQJV
2.1. Uniaxial and multiaxial stress and strain states 
$VWUHVVVWDWHLVGHILQHGDVPXOWLD[LDOVWDWHLIWKHPXOWLSOHSULQFLSDOVWUHVVHVRSHUDWHDQGDVWUDLQVWDWHDVPXOWLD[LDO
VWDWH ZKHQ WKH PXOWLSOH SULQFLSDO VWUDLQV GR 8VLQJ WKHVH GHILQLWLRQV WKH PXOWLD[LDO VWUHVV VWDWH GRHV QRW DOZD\V
FRUUHVSRQGWRWKHPXOWLD[LDOVWUDLQVWDWH)RUH[DPSOH)LJWKHXQLD[LDOWHQVLRQLVDXQLD[LDOVWUHVVVWDWHEHFDXVH
RQO\RQHSULQFLSDOVWUHVVRSHUDWHVLQWHQVLOHGLUHFWLRQEXWWKLVFDVHEHFRPHVWRDPXOWLD[LDOVWUDLQVWDWHEHFDXVHWKH
WZRDGGLWLRQDOSULQFLSDOVWUDLQVDUHFDXVHGE\WKHODWHUDOFRQWUDFWLRQDVZHOODVWKHWHQVLOHGLUHFWLRQ7KHVHGHILQLWLRQV
RIPXOWLD[LDOLW\DUHPRVWFRQVLVWHQWIRUGHVFULELQJWKHPXOWLD[LDOVWUHVVDQGVWUDLQVWDWHVFRPSDUHGWRXVLQJWKHRWKHU
VWUHVVDQGVWUDLQFRPSRQHQWVZKHUHDVWKHVWUHVVPXOWLD[LDOLW\GRHVQRWDOZD\VFRUUHVSRQGWRWKHVWUDLQPXOWLD[LDOLW\
0XOWLD[LDO ORDGLQJ LVGLYLGHG LQWR WZR W\SHV LQDFFRUGDQFHZLWKGLUHFWLRQFKDQJHRISULQFLSDOVWUHVVDQGVWUDLQ
2QHLVWKHSURSRUWLRQDOORDGLQJLQZKLFKGLUHFWLRQRISULQFLSDOVWUHVVDQGVWUDLQDUHIL[HGLQDF\FOH7KHRWKHULVWKH
QRQSURSRUWLRQDOORDGLQJLQZKLFKWKHGLUHFWLRQDUHFKDQJHGGXULQJF\FOHV


)LJ3ULQFLSDOVWUHVVDQGSULQFLSDOVWUDLQLQWHQVLRQORDGLQJ
2.2. Proportional loading 
)LJ  VXPPDUL]HV WKH DSSOLHG VWUDLQV DQG WKH VWUDLQ PXOWLD[LDOLW\ LQ YDULRXV SURSRUWLRQDO PXOWLD[LDO WHVWLQJ
PHWKRGV 7KH GLVFXVVLRQ LQ WKLV VHFWLRQ LV FRQILQHG WR WKH SODQH VWUHVV FRQGLWLRQ EHFDXVHPRVW RI WKH IDLOXUH RI
VWUXFWXUHVLQLWLDWHGIURPWKHIUHHVXUIDFHLQ/&)
,QWKHWHQVLRQFRPSUHVVLRQWKHSXVKSXOOWHVWLQWKHILJXUHDXQLD[LDOVWUDLQHLVDSSOLHGWRWKHVSHFLPHQEXWWKH
PXOWLSOHSULQFLSDOVWUDLQVDULVHLQWKHVSHFLPHQ7KHODWHUDOVWUDLQLVQHZKHUHQ LV WKH3RLVVRQ¶VUDWLRİİIRU
_İ__İ_DQGİİIRU _İ__İ_ LQ WKHXQLD[LDO ORDGLQJWHVWDW LQHODVWLFGHIRUPDWLRQUHJLPHZKHUHİDQGİDUH WKH
PD[LPXPDQGWKHPLQLPXPSULQFLSDOVWUDLQUHVSHFWLYHO\7KHYDOXHRIQ LVXVXDOO\DURXQGLQHODVWLFUHJLPHV
$SSOLHGORDG 3ULQFLSDOVWUHVV 3ULQFLSDOVWUDLQ
1732   T. Morishita et al. /  Procedia Engineering  130 ( 2015 )  1730 – 1741 
EXWLWLVLQDIXOO\SODVWLFUHJLPH,Q/&)UHJLPHVQWDNHVWKHYDOXHEHWZHHQDQG,QWKHUHYHUVHGWRUVLRQ
WHVWLQWKHILJXUHWKHDSSOLHGVWUDLQLVRQO\WKHVKHDUVWUDLQJEXWWKHWZRSULQFLSDOVWUDLQVZLWKWKHRSSRVLWHVLJQDUH
FDXVHG LQ WKLV FDVH 6R WKH UHYHUVHG WRUVLRQ WHVW DOVR EHFRPHV D PXOWLD[LDO WHVW 7KH WHQVLRQFRPSUHVVLRQ DQG
UHYHUVHGWRUVLRQDQG WKHELD[LDO WHQVLRQFRPSUHVVLRQ ORDGLQJVDOVRHQDEOH WKH/&) WHVW LQPXOWLD[LDO VWUDLQ VWDWHV
7KHIRUPHUWHVWRQO\FRYHUVWKHVWUDLQELD[LDOLW\IRUdIdQEXWWKHODWWHUWHVWGRHVdId
7KH VLPLODU ILJXUH IRU WKH DSSOLHG VWUHVV DQG WKH VWUHVV PXOWLD[LDOLW\ FDQ EH LOOXVWUDWHG EXW D JUDSKLFDO
UHSUHVHQWDWLRQRIWKHILJXUHLVQRWPDGHKHUHWRDYRLGWKHUHSHWLWLRQRIWKHVLPLODUILJXUH,QWKHVWUHVVEDVHGWHVWV
RQO\WKHWHQVLRQFRPSUHVVLRQORDGLQJLVDXQLD[LDOWHVWEXWDOOWKHRWKHUFDVHVEHFRPHWKHPXOWLD[LDOWHVWV
2.3. Non-proportional loading 
)LJXUHVKRZVWKHWHQVLRQWRUVLRQDQGWKHELD[LDOWHQVLRQFRPSUHVVLRQWHVWVZLWKSKDVHVKLIWLQDSSOLHGVWUDLQV,Q
WKHWHQVLRQWRUVLRQWHVWZLWKWKHSKDVHVKLIWWKHGLUHFWLRQRIWKHSULQFLSDOVWUDLQVURWDWHVZLWKWLPHDQGWKLVORDGLQJLV
QRQSURSRUWLRQDO ORDGLQJ 7KH SKDVH VKLIW LQ DSSOLHG VWUDLQ LQ WKH ELD[LDO WHQVLRQFRPSUHVVLRQ WHVW XVLQJ WKH
FUXFLIRUP VSHFLPHQ FDXVHV QR URWDWLRQ RI WKH SULQFLSDO VWUDLQV EXW LW FDXVHV WKH VZLWFK RI WKH SULQFLSDO VWUDLQ
GLUHFWLRQV7KHDXWKRUVFRQVLGHUWKDWWKLVORDGLQJVKRXOGEHFODVVLILHGLQWRDSURSRUWLRQDOORDGLQJEHFDXVHQRODUJH
DGGLWLRQDO KDUGHQLQJ DQG OLWWOH UHGXFWLRQ RI /&) OLIH ZDV FRQILUPHG LQ WKLV W\SH RI WHVW XVLQJ W\SH  VWHHO
FUXFLIRUPVSHFLPHQVDW.>@$QRWKHUUHVHDUFK>@KRZHYHUVWDWHGWKDWWKLVORDGLQJVKRXOGEHDW\SHRIQRQ
SURSRUWLRQDOWHVWVVKRZLQJDIDLUUHGXFWLRQRIIDWLJXHOLYHVLQH[SHULPHQWV0RUHGHWDLOHGH[SHULPHQWDOVWXGLHVDQG
HYLGHQFHVDUHQHHGHGWRKDYHDGHILQLWHFRQFOXVLRQRQWKHFODVVLILFDWLRQRIWKLVW\SHRIORDGLQJ

 
)LJ$SSOLHGVWUDLQVDQGVWUDLQPXOWLD[LDOLW\LQSURSRUWLRQDOORDGLQJWHVW )LJ'HILQLWLRQRIQRQSURSRUWLRQDOORDGLQJ
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f13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DQG VWUDLQ E\ SDWK OHQJWK LQ (T  LV VXLWDEOH SDUDPHWHU IRU HYDOXDWLRQ RI WKH DGGLWLRQDO GDPDJH GXH WR QRQ
SURSRUWLRQDOORDGLQJ'HWDLOGHVFULSWLRQVRIf13DQGOLIHHYDOXDWLRQVDUHPHQWLRQHGLQUHIHUHQFHV>@DQG>@
2.4. Definition of multiaxial stress and strain state 
0XOWLD[LDOVWUHVVDQGVWUDLQVWDWHFDQEHH[SUHVVHGE\XVLQJWKHSDUDPHWHUVĳDQGțDVVKRZQLQ(TVDQG
V
W N   
H
J M   
ZKHUHĳLVDQGțDUHVWUDLQUDWLRDQGVWUHVVUDWLRUHVSHFWLYHO\
%HVLGHVWKHPHWKRGDERYHWKLVSDSHUDOVRHPSOR\VWKHSULQFLSDOVWUDLQUDWLRIDQGWKHSULQFLSDOVWUHVVUDWLRȜWR
GHILQHGPXOWLD[LDOVWUHVVDQGVWUDLQVWDWHZKLFKLVVKRZQLQ(TVDQG
,
,,
V
V O   
,
,,
H
H I   
ZKHUHV,DQGV,,DUHSXWDVVVRUVRIZKLFKDEVROXWHYDOXHVWDNHVWKHODUJHVWDQGPLGGOHRQHVe.gLIV 
03V 03DQGV 03V, 03DDQGV,, 03DVLQFH_V_t_V_t_V_2QWKHRWKHUKDQGH,DQGH,,
DUHSULQFLSDOVWUDLQVRIZKLFKSULQFLSDOGLUHFWLRQFRUUHVSRQGLQJWRWKRVHRIV,DQGV,,UHVSHFWLYHO\,QSURSRUWLRQDO
IDWLJXHWHVWȜDQGIKDYHFRQVWDQWYDOXHVLQDF\FOH
2.5. Fatigue testing method 
,QRUGHU WRREWDLQ WKHGDWDRIIDWLJXHVWUHQJWKXQGHUPXOWLD[LDO ORDGLQJIRUGLIIHUHQWPDWHULDOVYDULRXVNLQGVRI
PXOWLD[LDOIDWLJXHWHVWVZHUHFDUULHGRXW)LJVKRZVIRXUW\SHVRIPRVWUHSUHVHQWDWLYHWHVWLQJPHWKRGVFODVVLILHGE\
ORDGLQJ DQG VKDSHV RI VSHFLPHQV7\SH ,$ LV WKH WHQVLRQFRPSUHVVLRQ DQG UHYHUVHG WRUVLRQ WHVW XVLQJ WKHKROORZ
F\OLQGHU VSHFLPHQ 7\SH ,% WKH LQQHU DQG RXWHU SUHVVXUHV DSSOLHG WHQVLRQFRPSUHVVLRQ DQG UHYHUVHG WRUVLRQ WHVW
XVLQJWKHKROORZF\OLQGHUVSHFLPHQ7\SH,,ELD[LDOWHQVLRQFRPSUHVVLRQWHVWXVLQJDFUXFLIRUPVSHFLPHQDQG7\SH
,,,WKHWULD[LDOWHQVLRQFRPSUHVVLRQWHVWXVLQJDFXELFVSHFLPHQ
3ULQFLSDOVWDLQDQGVWUHVVUDWLRUDQJHVZKLFKFDQEHSHUIRUPHGLQHDFKW\SHRIWHVWDUHVXPPDUL]HGLQ)LJ7\SH
,$KDYHEHHQXVHGZLGHO\PXOWLD[LDO/&)VWXGLHVEXW WKHSULQFLSDO VWUDLQ UDWLR UDQJHSHUIRUPDEOHE\ WKLV WHVWLQJ
PHWKRGLVIdȞ7\SHV,%DQG,,FDQSHUIRUPWKHPXOWLD[LDOIDWLJXHWHVWXQGHUIXOOUDQJHGSULQFLSDOVWUDLQUDWLR
UDQJHRIId7\SH,,,GRHVWKHWHVWXQGHUWKHVDPHPXOWLD[LDOVWUDLQVWDWHDQGWULD[LDOWHQVLRQFRPSUHVVLRQ
ORDGLQJ WRR +RZHYHU 7\SHV ,, DQG ,,, KDYH QR FKDQJH LQ SULQFLSDO GLUHFWLRQV RI VWUHVV DQG VWUDLQ VLQFH WKH
GLUHFWLRQVDOZD\VIL[HGLQWRWKHGLUHFWLRQRIDSSOLHGORDGLQJ2QO\7\SH,%FDQSHUIRUPWKHPXOWLD[LDOIDWLJXHWHVWLQ
WKHIXOOUDQJHGSULQFLSDOVWUDLQUDWLRUDQJHZLWKQRQSURSRUWLRQDOORDGLQJ

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 )LJ&ODVVLILFDWLRQRIPXOWLD[LDO/&)WHVWPHWKRGV )LJ6FKHPDWLFVKRZLQJPXOWLD[LDOVWUHVVDQGVWUDLQVWDWHV
'HYHORSHGWHVWLQJPDFKLQH
3.1. Testing machine of push-pull and reversed torsion with inner pressure 
)LJXUHVKRZVDVFKHPDWLFYLHZRIWKHLQQHUSUHVVXUHPXOWLD[LDOIDWLJXHWHVWLQJPDFKLQHGHYHORSHG7KLVWHVWLQJ
PDFKLQH LV UHPRGHOHG IURP WKHSXVKSXOODQG UHYHUVHG WRUVLRQ IDWLJXH WHVWLQJPDFKLQH ,QRUGHU WRJHQHUDWH LQQHU
SUHVVXUH IRU WKH KROORZ F\OLQGHU VSHFLPHQ D QHZ K\GUDXOLF DFWXDWRU LV DGGHG WR XSSHU SRVLWLRQ RI WKH WHVWLQJ
PDFKLQH )XUWKHUPRUH DQ LQQHU SUHVVXUH JDXJH LV LQVWDOOHG LQ WKH WHVWLQJ PDFKLQH WR FRQWURO DQG PHDVXUH WKH
SUHVVXUH7KHPD[LPXPD[LDO ORDGDQG WRUTXHDUHrN1IRUSXVKSXOOr1PIRU WRUVLRQDQG WKHPD[LPXP
LQQHUSUHVVXUH LV H[SHFWHGDV03D%\ WKHVHDSSO\LQJ ORDGV WKLV WHVWLQJPDFKLQHFDQSHUIRUP WKHPXOWLD[LDO
IDWLJXH WHVWV XQGHU SURSRUWLRQDO DQG QRQSURSRUWLRQDO ]HURWRWHQVLRQ ORDGLQJV LQZKLFK WKH SULQFLSDO VWUDLQ UDWLR
YDULHGLQWKHUDQJHRIdId

  
 D E
)LJ7HVWLQJPDFKLQHDQGWHVWVSHFLPHQRISXVKSXOODQGUHYHUVHGWRUVLRQZLWKLQQHUSUHVVXUHD6FKHPDWLF
VKRZLQJRIGHYHORSHGPXOWLD[LDOIDWLJXHWHVWLQJPDFKLQHE6KDSHDQGGLPHQVLRQVRIWHVWVSHFLPHQPP
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7HVW FRQWURO V\VWHP RI WKLV WHVWLQJ PDFKLQH EHFRPHV PRUH FRPSOLFDWH WKDQ WKRVH LQ FRPPRQ XVHG WHVWLQJ
PDFKLQHV VLQFH WKUHH K\GUDXOLF DFWXDWRUV PXVW EH FRQWUROOHG VLPXOWDQHRXVO\ DQG LQGHSHQGHQWO\ E\ HPSOR\LQJ D
VSHFLDO WHVWLQJ FRQWUROOHU SURJUDP DQG D QHZ V\VWHP ,Q RUGHU WR UDLVH WKH SUHFLVLRQ RI FRQWURO WKUHH W\SHV RI
IHHGEDFN ORRSV DUH DSSOLHG LQ WKH WHVWLQJ PDFKLQH )LUVW RQH LV IURP ORDG FHOO WR VHUYR DPSOLILHU IRU D[LDO DQG
WRUVLRQDOFRQWUROVZKLFKRSHUDWHVRQORDGFRQWUROOHGPRGH6HFRQGRQHLVIURPVWUDLQJDXJHWRVHUYRDPSOLILHUIRU
D[LDO DQG WRUVLRQDO FRQWURO LQ ZKLFK GLVSODFHPHQWFRQWUROOHGPRGH LV FDUULHG RXW 7KH ORDG RU WKH GLVSODFHPHQW
FRQWURO FDQEH FKDQJHGE\ IHHGEDFN VHOHFWLRQ VZLWFK7KH ODVW RQH LV IURPSUHVVXUHJDXJH WR VHUYR DPSOLILHU IRU
LQQHUSUHVVXUHLQZKLFKWKHWHVWLVRSHUDWHGXQGHUWKHLQQHUSUHVVXUHFRQWUROPRGH
3.2. Testing machine of push-pull and reversed torsion with inner and outer pressures 
)LJXUHVKRZVDVFKHPDWLFYLHZRIWKHLQQHUDQGRXWHUSUHVVXUHPXOWLD[LDOIDWLJXHWHVWLQJPDFKLQH7KLVWHVWLQJ
PDFKLQHLVUHPRGHOHGIURPWKHLQQHUSUHVVXUHPXOLD[LDOIDWLJXHWHVWLQJPDFKLQH7KHK\GUDXOLFDFWXDWRUVHTXLSSHG
LQ XSSHU SRVLWLRQ DV VKRZQ LQ WKH ILJXUH ZHUH GHVLJQHG IRU WKLV WHVWLQJ PDFKLQH 7KH\ DUH WZLQ W\SH K\GUDXOLF
F\OLQGHUVIRUJHQHUDWLRQVRILQQHUSUHVVXUHDQGD[LDOORDGLQJUHVSHFWLYHO\

  
 D E
)LJ7HVWLQJPDFKLQHDQGWHVWVSHFLPHQRISXVKSXOODQGUHYHUVHGWRUVLRQZLWKLQQHUDQGRXWHUSUHVVXUHVD
6FKHPDWLFVKRZLQJRIGHYHORSHGPXOWLD[LDOIDWLJXHWHVWLQJPDFKLQHE6KDSHDQGGLPHQVLRQVRIWHVWVSHFLPHQPP
)LJXUHVKRZVDSUHVVXUHYHVVHOZKLFKLVWKHPDLQGHYLVHLQWKHWHVWLQJPDFKLQH7KHVSHFLPHQLQVWDOOHGLQWKH
SUHVVXUHYHVVHOKDVGLIIHUHQWGLDPHWHUV LQXSSHUDQGORZHUVLGHV7KHIRUPHURQHLVVOLJKWO\VKRUWHU WKDQWKHODWWHU
RQHWKHUHIRUHWKHRXWHUSUHVVXUHLQFUHDVHVZKHQVSHFLPHQLVUDLVHGXSE\WKHORZHUDFWXDWRU,QRUGHUWRDYRLGH[WUD
D[LDO ORDGLQJ XSSHU DFWXDWRU VKRXOG DOVR EH PRYHG ZLWK ORZHU DFWXDWRU DW WKH VDPH WLPH )XUWKHUPRUH RXWHU
SUHVVXUHJDXJHVDUHLQVWDOOHGLQWKHWHVWLQJPDFKLQHWRFRQWURODQGPHDVXUHWKHWHVWLQJFRQGLWLRQ
7KHPD[LPXPD[LDOORDGDQGWRUTXHDUHrN1IRUSXVKSXOOr1PIRUWRUVLRQDQGWKHPD[LPXPSUHVVXUHV
IRULQQHUDQGRXWHUSUHVVXUHDUHH[SHFWHGDV03D%\WKHVHDSSO\LQJORDGVWKLVWHVWLQJPDFKLQHFDQSHUIRUPWKH
PXOWLD[LDOIDWLJXHWHVWVXQGHUSURSRUWLRQDODQGQRQSURSRUWLRQDOIXOO\UHYHUVHGORDGLQJVLQZKLFKWKHSULQFLSDOVWUDLQ
UDWLRYDULHGLQWKHUDQJHRIdId
7HVW FRQWURO V\VWHP RI WKLV WHVWLQJPDFKLQH EHFRPHVPXFKPRUH FRPSOLFDWH WKDQ WKRVH RI WKH LQQHU SUHVVXUH
WHVWLQJPDFKLQHVLQFHIRXUK\GUDXOLFDFWXDWRUVPXVWEHFRQWUROOHGVLPXOWDQHRXVO\DQGLQGHSHQGHQWO\E\HPSOR\LQJD
WHVW FRQWUROOHU SURJUDP DQG D V\VWHP ,Q RUGHU WR UDLVH WKH SUHFLVLRQ RI FRQWURO IRXU W\SHV RI IHHGEDFN ORRS DUH
DSSOLHGLQWKLVWHVWLQJPDFKLQHDVVKRZQLQ)LJ
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)LJ0HWKRGRIJHQHUDWLQJWKHLQQHUDQGWKHRXWHUSUHVVXUHV
([SHULPHQWDOUHVXOWVWHVWHGE\WKHGHYHORSHGWHVWLQJPDFKLQH
,Q WKLVVWXG\HTXLYDOHQWVWUHVVDPSOLWXGHǻıHT LVGHILQHGDFFRUGLQJWRQRQSURSRUWLRQDOVWUHVVDPSOLWXGHIRU
OLIHHYDOXDWLRQXQGHUQRQSURSRUWLRQDOORDGLQJSURSRVHGE\,WRKet al.>@$QHTXLYDOHQWVWUHVVEDVHGRQYRQ
0LVHVıHTLVHTXDWHGDV
 ^ ` ]]]HT 

TTT WVVVV V   
ZKHUHı]ıșDQGĲ]șDUH WKHD[LDO WKHKRRSDQG WKH VKHDU VWUHVVHV UHVSHFWLYHO\DV VKRZQ LQ)LJı]DQGıșDUH
HTXDWHGE\WKHIROORZLQJHTXDWLRQVLQWKHLQQHUSUHVVXUHWHVW
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ZKHUHFDQGPLDUHD[LDOORDGDQGLQQHUSUHVVXUHVUHVSHFWLYHO\DLDQGDRDUHWKHLQQHUDQGWKHRXWHUGLDPHWHUVDW
JDXJHSDUWLQWHVWWKHVSHFLPHQDL PPDQGDR PP
2QWKHRWKHUKDQGı]DQGıșDUHHTXDWHGE\WKHIROORZLQJHTXDWLRQVLQWKHLQQHUDQGRXWHUSUHVVXUHWHVW





L

R

R

RR

L

R

LL

L

R
] DD
-DD'P
DD
DP
DD
F




S
 V  
LR
RR
LR
LL
DD
DP
DD
DP



 VT   
ZKHUHFPLDQGPRDUHWKHD[LDOORDGWKHLQQHUDQGRXWHUSUHVVXUHVUHVSHFWLYHO\DLDRDQGD¶RDUHLQQHUGLDPHWHU
RXWHUGLDPHWHUDWJDXJHSDUWDQGRXWHUGLDPHWHUDWXSSHUSDUWRIUDGLXVLQWHVWWKHVSHFLPHQDL PPDR PP
DQGD¶R PP
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)LJ7KHGHILQLWLRQRIWKHı]ıșDQGĲ]ș
4.1. Push-pull and reversed torsion test with inner pressure 
4.1.1. Experimental procedure 
7HVWPDWHULDO HPSOR\HGZDV W\SH  VWDLQOHVV VWHHO 686ZKLFK UHFHLYHG D KHDW WUHDWPHQW RI TXHQFKLQJ
q&:46KDSHDQGGLPHQVLRQVRIWKHKROORZF\OLQGHUVSHFLPHQHPSOR\HGZKLFKKDVDPPLQQHUGLDPHWHU
DPPRXWHUGLDPHWHUDQGDQPPSDUDOOHODWJDXJHSDUWDVVKRZQLQ)LJE
,Q WKH LQQHU SUHVVXUH WHVW WKH D[LDO ORDG DQG WKH WRUTXHZHUH FRQWUROOHG E\PHDVXUHG WRWDO VWUDLQV DQG LQQHU
SUHVVXUH ZDV FRQWUROOHG E\ PHDVXUHG SUHVVXUH )LJ  VKRZV WKH D[LDO ORDG WKH WRUTXH DQG WKH LQQHU SUHVVXUH
ZDYHIRUPVHPSOR\HG7KHUHDUHW\SHVRIVWUDLQSDWKVZLWKGLIIHUHQWSUHVVXUHZDYHIRUPV6WUDLQSDWKVXVHGZHUH
WKHSXVKSXOOWKHUHYHUVHGWRUVLRQDQGWKHFLUFOHORDGLQJV7KHFLUFOHORDGLQJWHVWLVWKHqVLQXVRLGDORXWRISKDVH
ORDGLQJWHVWFRUUHVSRQGLQJWRWKHQRQSURSRUWLRQDOORDGLQJWHVW7RWDOD[LDOVWUDLQDQGWRWDOVKHDUVWUDLQUDQJHVZHUH
WKHVDPHUDQJHVEDVHGRQYRQ0LVHV¨İ ¨Jξ͵6WUDLQUDWHZDVVHWDVVEDVHGRQYRQ0LVHVEDVLV


)LJ/RDGDQGSUHVVXUHZDYHIRUPVRILQQHUSUHVVXUHWHVW
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,Q WKH SXVKSXOO WKH UHYHUVHG WRUVLRQ DQG WKH FLUFOH WHVWV FRQVWDQW LQQHU SUHVVXUH PL   DQG 03D RU
VLQXVRLGDOZDYHIRUPHGLQQHUSUHVVXUHPL 03DDUHDGGHG+HUHPLLVWKHLQQHUSUHVVXUHHPSOR\HGDQGPL 
PL  DQGPL  VKRZ WKH FRQVWDQW LQQHU SUHVVXUHV   DQG 03D UHVSHFWLYHO\ µPL a¶ VKRZV WKDW WKH
PLQLPXPDQGPD[LPXPSUHVVXUHVDUH03DDQG03DLQVLQXVRLGDOZDYHIRUP
7KHQXPEHURIF\FOHVWRIDLOXUHNIZDVGHILQHGDVWKHF\FOHDWZKLFKWKHVSHFLPHQLVIDLOXUHRUD[LDOVWUDLQRU
VKHDUVWUDLQEHFRPHWRKDOIRIWKHPD[LPXPYDOXHGXULQJWKHWHVW
4.1.2. Test result 
)DLOXUHOLYHVREWDLQHGLQWKHLQQHUSUHVVXUHWHVWDUHVXPPDUL]HGLQ)LJ,QWKHUHYHUVHGWRUVLRQWHVWZLWKPL 
DWWKHVSHFLPHQGLGQRWUHDFKWRWKHIDLOXUHRYHUWKDQF\FOHVDQGWKHWHVWZDVLQWHUUXSWHGDWWKDWF\FOH
7KH WHVW UHVXOW VKRZV WKDW WKH IDLOXUH OLIH LV UHGXFHG LQFLUFOH QRQSURSRUWLRQDO ORDGLQJ WHVWFRPSDULVRQZLWK WKH
SXVKSXOODQGWKHUHYHUVHGWRUVLRQSURSRUWLRQDOORDGLQJVWHVWVDWHDFKLQQHUSUHVVXUH$ODUJHUHGXFWLRQLQIDLOXUH
OLIHGXHWRQRQSURSRUWLRQDOORDGLQJIRUVWDLQOHVVVWHHODFFRPSDQ\LQJZLWKDGGLWLRQDOKDUGHQLQJKDVEHHQPHQWLRQHG
>@ ,Q DGGLWLRQ WKH IDLOXUH OLIH LV DIIHFWHG ODUJHO\ E\ WKH LQQHU SUHVVXUH 7KH IDLOXUH OLYHV DUH GUDVWLFDOO\
UHGXFHGGXHWRWKHLQQHUSUHVVXUHLQWKHSXVKSXOODQGWKHUHYHUVHGWRUVLRQWHVWVDQGDUHJUDGXDOO\UHGXFHGLQFLUFOH
WHVWFRPSDUHGZLWKWKHSXVKSXOOWHVW
)LJXUH  VKRZV HTXLYDOHQW VWUHVV DPSOLWXGHV LQ WKH LQQHU SUHVVXUH WHVW 7KLV UHVXOW VKRZV FOHDUO\ WKDW WKH
HTXLYDOHQWVWUHVVDPSOLWXGHLVLQFUHDVHGGXHWRQRQSURSRUWLRQDOORDGLQJLQWKHFLUFOHWHVWFRPSDULVRQZLWKWKHSXVK
SXOODQGWKHUHYHUVHGWRUVLRQWHVWVDWHDFKLQQHUSUHVVXUHOHYHO7KHHTXLYDOHQWVWUHVVDPSOLWXGHLVDIIHFWHGODUJHO\E\
WKH LQQHU SUHVVXUH DQG LV LQFUHDVHG LQ DFFRUGDQFH ZLWK LQFUHDVLQJ WKH LQQHU SUHVVXUH DW HDFK WKH SXVKSXOO WKH
UHYHUVHG WRUVLRQ DQG WKH FLUFOH WHVW+RZHYHU WKH GHJUHHV LQ LQFUHPHQW RI WKH HTXLYDOHQW VWUHVV DPSOLWXGHE\ WKH
LQQHUSUHVVXUHLVGLIIHUHQWDWHDFKVWUDLQSDWK7KHGLIIHUHQFHPD\EHH[SODLQHGE\DQLQWHQVLW\RIQRQSURSRUWLRQDO
IDFWRUDVVKRZQLQ)LJZKLFKVKRZVFRPSDULVRQRIWKHVWUHVVDPSOLWXGHDQGWKHQRQSURSRUWLRQDOIDFWRUHTXDWHG
E\(T7KHVWUHVVDPSOLWXGH¨ıRUξ͵¨ĲLVQRUPDOL]HGE\WKHVWUHVVDPSOLWXGHLQWKHSXVKSXOOWHVWDWWKH
VDPHVWUDLQOHYHODQGWKHVDPHLQQHUSUHVVXUH7KHQRQSURSRUWLRQDOIDFWRUf13LQFUHDVHVLQWKHUHYHUVHGWRUVLRQWHVW
DQGFRQYHUVHO\GHFUHDVHV LQ WKH FLUFOH WHVWZLWK LQFUHDVH LQ WKH LQQHUSUHVVXUHZKLFKGHSHQGVRQ WKH VWUDLQ OHYHO
$OWKRXJKDVFDWWHURIWKHGDWDSORWFDQEHVHHQWKHDGGLWLRQDOKDUGHQLQJLVUHODWHGUHODWLYHO\ZHOOZLWKf13
)LJXUH  LV D FRPSDULVRQ RI WKH HTXLYDOHQW VWUHVV DPSOLWXGH DQG WKH IDLOXUH OLIH 7KH ILJXUH VKRZV D JRRG
FRUUHODWLRQZKLFKPD\FRPHIURPWKDWWKHLQFUHDVHLQVWUHVVDPSOLWXGHGXHWRWKHQRQSURSRUWLRQDOORDGLQJDQGWKH
LQQHU SUHVVXUH KDV FORVHO\ UHODWLRQVKLSZLWK WKH IDLOXUH OLIH7KH ILJXUH DOVR VXJJHVWV WKDW VWUHVVHVZLOO EHFRPH D
VXLWDEOHSDUDPHWHUIRUIDLOXUHOLIHHYDOXDWLRQLQGHSHQGHQWRQWKHORDGLQJSDWKDQGWKHLQQHUSUHVVXUH

 
 )LJ)DLOXUHOLIHLQLQQHUSUHVVXUHWHVW )LJ(TXLYDOHQWVWUHVVDPSOLWXGHLQLQQHUSUHVVXUHWHVW
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 
)LJ&RUUHODWLRQRIQRQSURSRUWLRQDOIDFWRUIURPVWUHVVUDQJHUDWLR )LJ&RPSDULVRQRIHTXLYDOHQWVWUHVVDPSOLWXGHDQGIDLOXUHOLIH
4.2. Push-pull and reversed torsion test with Inner and outer pressures 
4.2.1. Experimental procedure 
,QWKHLQQHUSUHVVXUHWHVW WKHD[LDO ORDGDQGWKHWRUTXHZHUHFRQWUROOHGE\PHDVXUHGWRWDOVWUDLQV2QWKHRWKHU
KDQGLQQHUDQGRXWHUSUHVVXUHWHVWZDVDOVRFRQGXFWHGE\ORDGFRQWUROXVLQJWKHKROORZF\OLQGHUVSHFLPHQDVVKRZQ
LQ)LJE7HVWPDWHULDOHPSOR\HGZDVWKHVDPHDVLQQHUSUHVVXUHWHVW)LJVKRZVVWUHVVSDWKVDQGSUHVVXUH
ZDYHIRUPVHPSOR\HG7KHUHDUHW\SHVRIVWUHVVSDWKVZLWKFRQVWDQWLQQHUDQGRXWHUSUHVVXUH+HUHRQO\WKHSXVK
SXOO DQG WKHFLUFOH WHVWVZHUHFDUULHGRXW LQRUGHU WR FRPSDUH WKHGLIIHUHQFHRISURSRUWLRQDO DQGQRQSURSRUWLRQDO
ORDGLQJVXQGHULQQHUDQGRXWHUSUHVVXUHV,QWKHFLUFOHWHVWVWUHVVUDQJHVRI¨ıDQG¨ĲDUHVHWLQWKHVDPHEDVHGRQ
YRQ0LVHVEDVLV¨ıHT ¨ı ξ͵¨ĲZKHUH¨ıHTLVWKHYRQ0LVHV¶HTXLYDOHQWVWUHVVUDQJHDQG¨ıDQG¨ĲDUHWKHD[LDO
DQGVKHDUVWUHVVUDQJHV6WUHVVUDWHLQWKHWHVWZDVVHWWR+]7KHGHILQLWLRQRIWKHQXPEHURIF\FOHVWRIDLOXUHLVWKH
VDPHDVLQQHUSUHVVXUHWHVW


)LJ/RDGDQGSUHVVXUHZDYHIRUPVRILQQHUDQGRXWHUSUHVVXUHWHVW
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4.2.2. Test result 
)DLOXUHOLYHVREWDLQHGLQWKHLQQHUDQGRXWHUSUHVVXUHWHVWDUHVXPPDUL]HGLQ)LJ7KLVUHVXOWVKRZVWKDWWKH
IDLOXUHOLIHLVUHGXFHGGXHWRQRQSURSRUWLRQDOORDGLQJLQWKHFLUFOHWHVWFRPSDULVRQZLWKWKHSXVKSXOO WHVWDWHDFK
LQQHUDQGRXWHUSUHVVXUH$OLWWOHLQIOXHQFHRIWKHLQQHUDQGWKHRXWHUSUHVVXUHVRQWKHIDLOXUHOLIHFDQEHVHHQDQGWKH
IDLOXUHOLYHVEHFRPHVDOPRVWWKHVDPHLQGHSHQGHQWRQWKHLQQHUDQGWKHRXWHUSUHVVXUHVDWHDFKWKHSXVKSXOODQGWKH
FLUFOHWHVWXQGHUWKHVWUHVVFRQWURO
)LJXUHVKRZVWKHHTXLYDOHQWVWUHVVDPSOLWXGHVRIWKHLQQHUDQGRXWHUSUHVVXUHWHVW'XHWRWKHVWUHVVFRQWUROOHG
WHVWQRLQFUHDVHLQWKHVWUHVVDPSOLWXGHRFFXUVZKHUHDVVWUDLQDPSOLWXGHPD\EHLQFUHDVHG,WLVVXJJHVWHGWKDWWKH
GHFUHDVHLQIDLOXUHOLIHGXHWRQRQSURSRUWLRQDOORDGLQJLVFDXVHGE\WKLVLQFUHDVHLQVWUDLQDPSOLWXGHDQGLQFUHDVHLQ
VPDOOFUDFNEHFDXVHDFWLYDWHGVOLSV\VWHPLVLQFUHDVHGGXHWRQRQSURSRUWLRQDOORDGLQJ)RUWKHVHGLVFXVVLRQPRUH
H[SHULPHQWVZLOOEHUHTXLUHGZKLFKLVWREHFDUULHGRXWDVIXWXUHZRUNV,QWKHWHVWDW3L DQG3R FRPSDUHGZLWK
WKHWHVWDW3L DQG3R DQGWKHWHVWDW3L DQG3R WKHHTXLYDOHQWVWUHVVDPSOLWXGHLVLQFUHDVHGLQDFFRUGDQFH
ZLWKLQFUHDVLQJWKHLQQHUDQGWKHRXWHUSUHVVXUHVLQERWKWKHSXVKSXOODQGFLUFOHWHVWVUHVSHFWLYHO\7KLVWHQGHQF\WR
LQFUHDVH LQ HTXLYDOHQW VWUHVV DPSOLWXGH GXH WR LQQHU SUHVVXUH LV WKH VDPH DV WKH UHVXOWV RI WKH VWUDLQ FRQWURO WHVW
PHQWLRQHG LQ VHFWLRQ  EXW WKH GHJUHH RI WKH LQFUHDVH LV VPDOOHU WKDQ WKDW LQ WKH VWUDLQ FRQWURO WHVW 7KH VPDOO
LQFUHDVH LQ WKH VWUHVV DPSOLWXGH PD\ FRPH IURP WKDW VWUHVV OHYHOV DUH UHODWLYH ORZ DQG GHIRUPDWLRQV DUH HODVWLF
GRPLQDQWV 7KH IDLOXUH OLYHV DUH VOLJKWO\ VPDOO DIIHFWHG E\ WKH LQQHU DQG WKH RXWHU SUHVVXUHV EXW VOLJKWO\ ODUJH
DIIHFWHGE\QRQSURSRUWLRQDOORDGLQJ

 
 )LJ)DLOXUHOLIHRILQQHUDQGRXWHUSUHVVXUHWHVW )LJ(TXLYDOHQWVWUHVVDPSOLWXGHRILQQHUDQGRXWHUSUHVVXUHWHVW
&RQFOXVLRQV
 $WHVWLQJPDFKLQHFRPELQLQJORDGRIWKHSXVKSXOOWKHUHYHUVHGWRUVLRQDQGWKHLQQHUDQGRXWHUSUHVVXUHZDV
GHYHORSHG,WFDQSHUIRUPWKHPXOWLD[LDOIDWLJXHWHVWVXQGHUSURSRUWLRQDODQGQRQSURSRUWLRQDOORDGLQJLQZKLFK
WKHSULQFLSDOVWUDLQUDWLRYDULHGLQWKHUDQJHRIdId
 ,QWKHVWUDLQFRQWUROWHVWWKHIDLOXUHOLIHLVDIIHFWHGODUJHO\E\WKHLQQHUSUHVVXUHDQGLVUHGXFHGLQDFFRUGDQFH
ZLWK LQFUHDVLQJ WKH LQQHUSUHVVXUH DW HDFK WKHSXVKSXOO WKH UHYHUVHG WRUVLRQ DQG WKH FLUFOH WHVW7KH IDLOXUH
OLYHVFDQEHFRUUHODWHGE\WKHHTXLYDOHQWVWUHVVDPSOLWXGHUHODWLYHO\ZHOO LQGHSHQGHQWRIQRWRQO\WKHORDGLQJ
SDWKEXWDOVRWKHLQQHUSUHVVXUH
 7KHIDLOXUHOLYHVDUHVOLJKWO\VPDOODIIHFWHGE\WKHLQQHUDQGWKHRXWHUSUHVVXUHVEXWVOLJKWO\ODUJHDIIHFWHGE\
QRQSURSRUWLRQDOORDGLQJ
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